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Abstract 
The COCS (Cost Saving CO2 Capture System) Project had been carried out by RITE in collaboration with four Japanese companies from April 
2004 to March2009. It was the R&D project to reduce CO2 capture cost by half compared to the cost of a conventional technology for CO2
removal from a blast furnace gas in an integrated steel works. One of the main research issues in this project was to develop a novel absorbent 
which could be regenerated with a low thermal energy. RITE especially led the development of new absorbents. Initially amine solvents were 
investigated through laboratory-scale experiments, and then some selected solvents were evaluated at the 1t-CO2/d test plant. RITE successfully 
developed innovative amine absorbents, which have high absorption rate and low desorption energy of about 2.5 – 2.65 GJ/t-CO2 for CO2
capture from a blast furnace gas.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
CO2 capture and storage (CCS) technology shows promising potential for tackling global warming. It focuses on large CO2
emission sources such as electric power generation with fossil fuels and iron-making with metallurgical coke. The total cost of
CCS covers CO2 capture, transport and injection. Unfortunately, this cost is currently too high to implement CCS commercially. 
The cost of CO2 capture is a large portion of the total CCS cost and consequently there is strong demand to develop low-cost 
CO2 capture technology. 
Novel absorbents for CO2 capture have been developed at RITE (Research Institute of Innovative Technology for the Earth). 
In 2004, the COCS project (Cost Saving CO2 capture System, 2004-2008) was set up in order to develop a low-cost CO2 capture 
system [1]. It was financially supported by METI (Ministry of Economy, Trade and Industry) and carried out in collaboration 
with Japanese private companies. The concept of the project was to remove CO2 from blast furnace gas in integrated steelworks 
using chemical absorption (Figure 1). The target was to reduce the CO2 capture costs by half and two research objectives were 
specified. One was to develop alternative absorbents to the amine solvents conventionally used, such as 2-aminoethanol 
(monoethanolamine, MEA), so as to capture CO2 using less energy. The other was to develop heat utilization technology to use 
waste heat in the steelworks to supply low cost steam for stripping CO2 from the absorbent. In this Project, RITE was mainly 
responsible for developing novel absorbents with a target regeneration energy of 2.5 GJ/t-CO2 for CO2 capture from blast furnace 
gas.
RITE initially evaluated CO2 absorption/desorption behaviors, CO2 cyclic capacity and heat of reaction for more than 200 
single-component amines and mixtures [2]. These experiments illustrated the importance of the reaction mechanism between 
CO2 and the amine components, and the importance of formulation (blending of several single-component amines). In this paper, 
research and development of novel absorbents in the laboratory experiments and solvent evaluation at a 1t-CO2/d test plant were 
briefly described. In addition, the high performance absorbents developed were introduced. 
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Figure 2 Target for regeneration energy (A) and features of absorbents (B) 
2. Methodology to develop new absorbents  
Much attention has recently focused on the CO2 capture by chemical absorption and the development of alternative absorbents. 
Amine solvents such as MEA 30 wt % aqueous solution are typically used for CO2 removal from atmospheric gas streams. 
Therefore, any novel absorbents developed must have superior performance to MEA, especially with regard to regeneration 
energy. A target has been set for the regeneration energy of the developed novel absorbents (Figure 2(A)). The regeneration 
energy is consumed in three thermal processes. The first is in a stripper where the heat is used for CO2 stripping. The second is in 
the lean solvent cooler where the sensible heat of a lean solvent flowing from a heat exchange is eliminated. The third is in the 
reflux condenser at the top of the stripper where the latent heat of the vapor is eliminated. To develop high performance 
absorbents, these three modes of heat loss need to be reduced. 
Desirable features for novel absorbents include a lower heat of reaction, fast CO2 absorption rate, and easy desorption of CO2
from the absorbent. These features play an important role in reducing the regeneration energy. The large absorption capacity for
CO2 capture reduces the sensible heat of a lean solvent and the low heat of reaction directly influences the regeneration energy. 
In addition, high absorption and desorption rates are necessary for a large CO2 cyclic capacity. If these features are present in the 
absorbent, CO2 could be captured from the gas stream with lower regeneration energy. 
However, it is difficult to attain all these features in the one absorbent. In particular, it has been shown that a trade-off occurs 
between the heat of reaction and the CO2 absorption rate, as illustrated for primary, secondary and tertiary amines (Figure 2(B)). 
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Therefore, current research efforts are focused on obtaining lower heats of reaction and higher absorption rates for the new 
absorbents in comparison to MEA. 
Candidate amines to be used as new absorbents were selected for having low heat of reaction. The heat of reaction depends of 
which of two reaction mechanisms between CO2 and the amine occurs preferentially.  
  BHCOOBCOB 22         (1) 
  BHHCOOHCOB 322        (2) 
B denotes an amine and B’ implies the deprotonation of the amino group. Generally, both reactions could proceed in aqueous 
solutions of primary or secondary amines. However, for tertiary amines only reaction (2) occurs. 
The first of these mechanisms, reaction (1), involves reaction of two amines and one CO2 to form a carbamate anion. The 
other, reaction (2), involves reaction of one amine, one CO2 and one H2O to form a bicarbonate anion.  
The theoretical heat of reaction for each of these reactions was calculated using the semi-empirical molecular orbital model, 
PM3, and taking into consideration the solvation energies obtained from the Cramer/Truhlar SM5.4 model [1,4]. The calculated 
heat of reaction for reaction (2) was lower than that of reaction (1).  
In summary to develop novel absorbents, amines that had low reaction heat were screened and the results were used for 
formulation of new absorbents in the COCS Project. These absorbents were then evaluated as described in Sec. 3. 
3. Experimental procedure 
In the COCS Project, the following laboratory experiments and a plant test were carried out [1~3]. 
 (1) 13C-NMR spectroscopy 
13C-NMR spectroscopy was used to analyze the CO2-absorbed amine solvents and determine the ratios of carbamate and 
bicarbonate anions produced. The measurements were performed at 298–299 K in aqueous solutions of single-component amines 
using a JEOL JNM-ECA400 spectrometer. The absorbents were pretreated with CO2 absorption for 60 min at 40 ºC, this 
operation was the same as that used in the screening tests. a delay of 30 s, a pulse width of 9 s, and 400 scans. The measurement 
frequency was 100 MHz. 
(2) Reaction calorimetry 
A differential reaction calorimeter (DRC, SETARAM) was used to measure the total heat generated during absorption. The 
volume of absorbent used was 150 ml and pure CO2 was injected into it. 
(3) Screening test 
Screening tests were conducted as an initial attempt to investigate absorbent performance. A 250 ml glass scrubbing-bottle 
containing 50 ml of an absorbent was placed in a 40 ºC water bath. A gas mixture (CO2/N2=20/80 %) was then supplied to the 
bottle at a flow rate of 700 ml/min. After 60 min of CO2 absorption, the bottle was moved to a 70 ºC water bath and CO2 was 
desorbed from the absorbent. The outlet gas from the bottle was analyzed with a carbon dioxide analyzer (VA-3001, Horiba) and 
the CO2 loading and absorption/desorption rate were estimated. 
(4) Plant test 
Plant tests were conducted in order to evaluate process performance of the absorbents. A test plant facility was installed at the
Kimitsu works of Nippon Steel Co. It was operated using genuine blast furnace gas, which was a reducing gas and contained 
20 % CO2. The plant capacity for CO2 capture was 1 t-CO2/d. The re-boiler was heated using factory steam from the steelworks 
and controlled at approximately 120 ºC to regenerate the absorbent. During operation of the test plant, all process data were 
recorded to establish heat and mass balance. 
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4. Results and Discussion 
4.1. Selection of solvents with the feature of low reaction heat 
The amounts of both carbamate and bicarbonate anions were obtained from the 13C-NMR spectra of absorbed CO2 and used to 
calculate the ratio of these two anions (Table 1). MEA and 2-amino-2-methyl-1-propanol (AMP) are both classified as primary 
amines but they had different CO2 absorption. MEA mainly absorbed CO2 as carbamate anions (approximately 80 %). In contrast, 
the structure of AMP contains steric hindrance and CO2 was mostly absorbed as bicarbonate anions. Diethanolamine (DEA), 2-
(ethylamino)ethanol (EAE) and IPAE are secondary amines and all absorbed CO2 as both carbamate and bicarbonate anions. The 
bicarbonate anion ratio followed the order DEA<EAE<IPAE. Methyldiethanolamine (MDEA) is a tertiary amine and CO2 was 
completely absorbed as bicarbonate anion. 
Table 1 also shows the heat of reaction for single-component amines. As expected, the heat of reaction for the single-
component amines generally followed the order primary>secondary>tertiary. In addition, within the same amine group, the heat 
of reaction for the amine with a high ratio of bicarbonate anion was lower than that for the others. For example, the heat of 
reaction for AMP had lower heat of reaction than MEA.  
Table 1 Results of 13C-NMR analysis and reaction calorimetry 
MEA AMP DEA EAE IPAE MDEA
Heat of reaction [kJ/mol-CO2]
Ratio of bicarbonate anion* [-]
* Ratio of bicarbonate anion to sum of bicarbonate and carbamate anions from 13C-NMR analysis.
0.18 1 0.40 0.68 1 1
88 79 69 78 68 60
4.2. New solvents developed through laboratory experiments 
As mentioned earlier, there was a trade-off relationship between heat of reaction and absorption rate for primary, secondary 
and tertiary amines (Figure 3). That is, absorbents with a low heat of reaction usually also had a low CO2 absorption rate. 
However, in this study the new solvents were plotted outside the area formed by the single-component amine absorbents that 
followed this relationship. This indicates that new solvents have unique performance in that they feature a low heat of reaction
but retain a moderately high CO2 absorption rate. 
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Figure 3 Relation between reaction heat and CO2 absorption rate 
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4.3. Evaluation of new solvents  
Figure 4 shows the results of plant experiments conducted at the 1 t-CO2/d test plant. The new absorbents, Solvents A, B, C and 
D, showed low lean loading and high rich loading with large cyclic capacity and smaller liquid-to-gas ratios than MEA 30 wt %. 
Owing to the high absorption capacity and low reaction heat, the regeneration energies of the new solvents were smaller than that
of MEA. Especially, the calculation predicts that Solvent D reduces 23% of regeneration energy. 
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Figure 4 CO2 regeneration energy obtained from 1t-CO2/d test plant 
Figure 5 shows the CO2 regeneration energy for the new solvents. The regeneration energy is consumed by the same three 
modes described in Figure 2(A). In addition, “Others” represents the inevitable heat loss in the actual process operation, for 
example that from facilities. The experimental results for total CO2 regeneration energy for Solvent C and Solvent D were 
calculated by dividing the thermal energy of re-boiler steam by the amount of CO2 removed. The magnitudes of the three modes 
of regeneration energy consumption were estimated from process data measured in the 1t-CO2/d test plant operation. These 
estimations showed that the sensible heat of solvent and heat loss components of the Solvent C and Solvent D regeneration 
energies were large except for heat of reaction. 
In order to estimate regeneration energy for each new solvent under optimal conditions two assumptions were made. First, 
plant specifications were assumed to be optimized to give a rich–lean solvent temperature difference at the heat exchanger of 10
ºC. Second, it was assumed that the “others” heat loss component could be reduced, to 10 % of total regeneration energy, in 
commercial plant operations due to scale. The estimated regeneration energies from this were 2.65 GJ/t-CO2 and 2.5 GJ/t-CO2 for 
Solvent C and Solvent D, respectively. 
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Figure 5 Estimation of the new solvents’ performance 
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5. Conclusion 
RITE developed novel absorbents to help establish a low-cost CO2 capture system for integrated steelworks. Amines with low 
heat of reaction were analyzed by 13C-NMR analysis and reaction calorimetry and the results used to formulate blended amine 
solvents (Solvents A, B, C and D). These solvents were examined both in the laboratory and at a 1 t-CO2/d test plant. Regeneration 
energies were 3.3 GJ/t-CO2 and 3.1 GJ/t-CO2 for Solvent C and Solvent D, respectively. These values were much lower than that 
obtained for MEA 30 wt % (4.0 GJ/t-CO2). Furthermore, after optimization for these solvents, the best regeneration energy 
calculated was 2.5 GJ/t-CO2 for an ideal operation with Solvent D. 
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